Introduction
============

Paroxysmal nocturnal hemoglobinuria (PNH) is a non-malignant clonogenic disease originating from hematopoietic stem cells that is caused by somatic gene mutations ([@b1-etm-0-0-7475],[@b2-etm-0-0-7475]). The pathological defect of PNH is the abnormal synthesis of glycosyl phosphatidyl inositol (GPI) caused by phosphatidylinositol glycan anchor biosynthesis class A (PIG-A) gene mutations on the X chromosome, which leads to the reduction or deletion of GPI-anchored proteins that are connected to the membrane of blood cells \[including cluster of differentiation (CD)55, CD59 and CD56\] and eventually causes activation of the complement system, leading to symptoms of intravascular hemolysis ([@b3-etm-0-0-7475],[@b4-etm-0-0-7475]). The main clinical manifestations of PNH are chronic intravascular hemolysis, bone marrow failure, high-risk complications of thrombosis, renal failure and pulmonary hypertension ([@b5-etm-0-0-7475]--[@b7-etm-0-0-7475]).

Our previous study ([@b8-etm-0-0-7475]) sequenced the whole genome exon of CD59^−^ cells derived from 13 patients with PNH and identified additional mutant genes such as cut-like homeobox 1 (CUX1), mixed-lineage leukemia 2 (MLL2), SUZ12, RB transcriptional corepressor 1 (RB1), mucin 4 (MUC4) and tet methylcytosine dioxygenase 2 (TET2), although not PIG-A. The functions of these genes are associated with the regulation of cell proliferation, differentiation, resistance to apoptosis, invasion and progression of tumor cells ([@b9-etm-0-0-7475]--[@b11-etm-0-0-7475]). This suggests that, although PNH is a benign clonal proliferative disease, its clonal composition has similar biological characteristics to leukemia and other tumors. The proliferation advantage of PNH clones may require the participation of gene defects other than PIG-A gene mutations, suggesting that there may be additional gene mutations in patients with PNH ([@b12-etm-0-0-7475]--[@b15-etm-0-0-7475]). Therefore, the present study performed 500-depth whole exome sequencing (WES) for 13 patients with PNH. The mutation rate of the PIG-A gene was 30.77% (4/13) in 100-depth sequencing, whereas recombinant signal binding protein of immunoglobulin κJ region (RBPJ) gene mutation was detected in 6 patients (46.15%). However, in 500-depth sequencing, the mutation rate of PIG-A was higher than in 100-depth sequencing (61.54%, 8/13), which was consistent with literature reports, and 10 patients (76.92%) exhibited RBPJ gene mutations. In-depth analysis and screening of the WES results were conducted. The present study screened out the RBPJ gene with high expression and first mutation level. It has been reported that RBPJ serves a key role in promoting the occurrence and development of various malignant tumors. Thus, inhibiting the expression of RBPJ may impair or promote the growth of potential tumors ([@b16-etm-0-0-7475],[@b17-etm-0-0-7475]). However, to the best of our knowledge, there have been no previous studies on the application of RNA interference to knock down the expression of RBPJ in patients with PNH.

The current study evaluated the regulation of PNH primary cells by RBPJ depletion. Small interfering RNA (siRNA) was used to efficiently knock down the RBPJ gene in PNH clones of 5 patients *in vitro*, and cell proliferation, apoptosis rate and cell cycle changes were observed to validate its functions.

Materials and methods
=====================

### Patients

The clinical characteristics of the initial 13 patients with PNH, who were recruited from January-December 2015 and underwent WES, are presented in [Table I](#tI-etm-0-0-7475){ref-type="table"}. The results of WES were analyzed, 13 target genes were screened, and an additional 30 patients with PNH were recruited from January 2016-December 2017 for PCR experiments. The clinical characteristics of the additional 30 patients are presented in [Table II](#tII-etm-0-0-7475){ref-type="table"}. An Automatic hematology Instrument (LH 750; Beckman Coulter, Inc.) and an Automatic biochemical Instrument (C8000; Abbott Pharmaceutical Co., Ltd.) were utilized to detect blood cell counts \[white blood cell (WBC), hemoglobinuria (Hb), platelet and reticulocyte (Ret)\] and hemolysis indices \[lactate dehydrogenase (LDH), total bilirubin and direct bilirubin), respectively. All patients were diagnosed with PNH and were admitted to the Department of Hematology of Tianjin Medical University General Hospital (Tianjin, China). The diagnostic criteria refer to the international PNH Research Group criteria ([@b18-etm-0-0-7475]). The control group consisted of 30 healthy donors, which were recruited from the Physical Examination Center of General Hospital of Tianjin Medical University from January 2017 to December 2017. Healthy controls (19 males and 11 females) were matched by sex and age, with an average age of 42 years (age range, 19--68 years). The Ethics Committee of Tianjin Medical University approved the present study (approval no. IRB2018-YX-042), and all the enrolled cases provided written informed consent.

### Exome sequencing, reference genome and target area information

A total of 13 blood samples and paired normal fingernail samples were subjected to WES. In order to enrich the coding regions as much as possible, Sure Select Human All Exon 50M (Agilent Technologies, Inc.) was used for blood samples and Sure Select Human All Exon V4 (Agilent Technologies, Inc.) for nail samples. High-throughput sequencing of blood and nail samples was performed using an Illumina HiSeq2500 instrument (Illumina, Inc.). The average sequencing depths for blood and nail samples were 100× (range, 47--107×) and 102× (range, 96--106×), respectively. The sequencing depth of the above genes is presented in [Fig. 1A](#f1-etm-0-0-7475){ref-type="fig"}. Broadband Wireless Access (BWA) was used to perform the alignment with the default parameters and human genome 19/the Genome Reference Consortium Human Genome Build 37 (hg19/GRCh37; <ftp://ftp.ncbi.nlm.nih.gov/genomes/H_sapiens>) served as the reference genome. The relevant details were as follows: Genome version number, hg19/GRCh37; genome size, 3095677412 bp; capture chip, SeqCap EZ Human Exome Library NimbleGen v2.0; exon sequencing genes \>20,000 genes; and capture target area size, 44.1 Mb. The associated 1000G database was utilized to annotate and report mutations in MAF (<https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/>).

### Flow cytometry and cell sorting

To obtain CD59^−^ and CD59^+^ neutrophils for RNA extraction, cell sorting was performed in peripheral blood of patients with PNH and healthy controls on the same day of blood extraction. Red blood cells were lyzed with 10 ml erythrocytolysin solution (BD Biosciences) and then centrifuged at 150 × g for 5 min at room temperature. Cells were then washed twice with PBS and resuspended in 300 µl PBS. Immunomagnetic cell selection was performed using phycoerythrin (PE) conjugated-anti-CD59 Phycoerythrin (1:5; cat. no. 555764; BD Biosciences), followed by anti-PE microbeads (Miltenyi Biotec GmbH). Samples were separated using MS Columns (Miltenyi Biotec GmbH), and purity was verified in each fraction by flow cytometry using an Aria II instrument (BD Biosciences). All results were analyzed using CellQuest™ Pro Software 4.0.2 (BD Biosciences).

To ensure the viability of PNH cells in culture and the transfection efficiency, CD59^−^ of neutrophils from 15 patients with PNH were sorted by flow cytometry. Upon cell sorting, the number of cells reached 2×10^7^, and the purity of the cells was 96--97%.

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted from CD59^−^ and CD59^+^ cells of patients with PNH and normal controls, and from mononuclear cells, respectively, with RNeasy kit (Takara Bio, Inc.). A Reverse transcription kit (Takara Bio, Inc.) was used to synthesize cDNA from 1 µg total RNA and was purified using the QIAquick PCR Purification Kit (Qiagen, Inc.). QuantiTect SYBR Green PCR Kit (Tli RNaseH Plus; Takara Bio, Inc.) and Light Cycler 1.5 Real-Time PCR System (Roche Diagnostics, Indianapolis, IN, USA) were used to perform RT-qPCR in duplicates. Specific primers designed to amplify cross-exons of the RBPJ gene (158 bp) are detailed in [Table III](#tIII-etm-0-0-7475){ref-type="table"}. The thermocycling conditions were as follows: Initial denaturation at 95°C for 30 sex; followed by 45 cycles of denaturation at 94°C for 5 sec, annealing at 60°C for 30 sec and extension at 70°C for 30 sec. A final extension was conducted at 72°C for 10 min. Bio-Rad CFX Manager software 3.1 (Bio-Rad Laboratories, Inc.) was used to analyze the melting and amplification curves (quantitative curve), and the quantitative cycle (Cq) values of each group was determined. The relative quantitative multiplier of each group (relative fold) was expressed by 2^−ΔΔCq^ value ([@b19-etm-0-0-7475]) and used for statistical analysis.

### Cell culture

CD59^−^ neutrophils were inoculated into RPMI-1640 culture medium (Beijing Solarbio Science & Technology Co., Ltd.) containing 10% (v/v) fetal bovine serum (Beijing Solarbio Science & Technology Co., Ltd.), penicillin (100 U/ml) and streptomycin (100 U/ml), and were suspended in a saturated humidity chamber containing 5% CO~2~ at 37°C. The centrifugal fluid exchange method (1.4 × g for 5 min at room temperature) was used to replace the medium every 48 h and maintain strict aseptic conditions. Logarithmic growth phase cells were used for the experiments if their rejection rate of trypan blue (Beijing Solarbio Science & Technology Co., Ltd.) staining was \>95%. The steps of trypan blue staining were as follows: Cell suspension (0.1 ml) was added into 4 ml trypan blue solution (final dilution, 1:40) and placed at room temperature for 3--5 min. A drop of cell suspension was taken and placed on a slide. The number of living and dead cells in 1,000 cells was subsequently counted. From these results, cell viability was calculated as follows: Cell viability (%)=number of unstained cells/total number of observed cells ×100. Following 72 h of cell culture, cell count reached 10^7^ cells.

### Preparation of RBPJ-siRNAs and transfection

Specific siRNAs of the RBPJ gene (siRNA-RBPJ1, siRNA-RBPJ2 and siRNA-RBPJ3) were purchased from Genomeditech Co., Ltd., whereas siRNA-scramble (scr) served as an internal reference (Genomeditech Co., Ltd.). The siRNA sequences are provided in [Table III](#tIII-etm-0-0-7475){ref-type="table"}. All transfections with siRNAs were performed using Lipofectamine™ 3000 (lipo3000; cat. no. 100022234; Thermo Fisher Scientific, Inc., Waltham, MA, USA). siRNA-RBPJ and lipo3000 were diluted with Opti-MEM (Invitrogen; Thermo Fisher Scientific, Inc.). In order to achieve a high transfection efficiency and gene blocking effect, siRNAs were fluorescently labeled (Dextran, Cy7 labeled, Genomeditech Co., Ltd.), and concentration gradient experiments were conducted on siRNAs (Genomeditech Co., Ltd.) and lipo3000 (cat. no. 100022234; Thermo Fisher Scientific, Inc.). The experimental steps of the concentration gradient were as follows: A 24-well plate (4--8×10^5^ cells/well) was used to perform concentration gradient cell transfection experiments. The final concentration of siRNA and lipofectamine™ 3000 was 30 nM (siRNA, 0.75 µl; lipofectamine™ 3000, 1 µl), 50 nM (siRNA, 1.25 µl, lipofectamine™ 3000, 1 µl) and 100 nM (siRNA, 2.5 µl, lipofectamine™ 3000, 1 µl). The silencing efficiency of siRNA was detected by PCR 48 h following transfection. When cells were co-transfected with lipo3000 and RBPJ-specific siRNAs at 50 nM (lipo3000, 1 µl/well; siRNA1, 1.25 µl/well; total volume of medium, 500 µl/well), the siRNA was capable of efficiently blocking the expression of the target gene (siRNA silencing efficiency was detected using RT-qPCR 48 h following transfection). The transfection efficiency of siRNA to the cultured cells was revealed to be 75--80%. After the above preliminary experiments, siRNA1 was used for subsequent experiments following validation of transfection. A 24-well plate was used for the cell transfection experiment. At 24 h prior to transfection, 2×10^5^ cells were inoculated into 400 µl Opti-MEM to ensure that the cell density reached 4--8×10^5^ cells/well at the time of transfection. The diluent of lipo3000 and siRNA was gently mixed to guarantee a final concentration of 50 nM. The mixture was incubated at room temperature for 20 min and then added to the 24-well plate at 100 µl/well and mixed evenly. The plates were incubated for 18--48 h at 37°C and 5% CO~2~. At 4--6 h post-transfection, the culture medium was replaced with fresh medium.

### Cell Counting Kit-8 (CCK-8) assay for cell proliferation

A hemocytometer was used to count the number of cells in the prepared cell suspension, and then the cells were inoculated in 96-well plate (100 µl/well). Following 4 h of cell culture, CCK-8 reagent (Beijing Solarbio Science & Technology Co., Ltd.) was added to the culture for a certain time (5--10 min at room temperature) and then the optical density (OD) value at 450 nm of was determined. A standard curve was created depicting the number of cells (x-axis) vs. the OD value (y-axis). Subsequently, the cell proliferation activity was determined by adding 10 µl CCK-8 solution to the 96-well plates containing 100 µl (5×10^4^ cells/ml) cell suspension per well. Blank control wells were prepared at the same time. Next, the cells were incubated for 4 h under 5% CO~2~ and 37°C conditions. The OD value at 450 nm was determined using a Microplate Reader (cat. no. ELX800; BioTek Instruments, Inc.). The median value was obtained by repeating the experiment 3 times and using the following formula: Cell proliferation activity=OD value of the experimental wells-OD value of the control wells; where the OD value of the experimental wells represents the absorption of cells and CCK-8 solution, while the OD value of the control wells represents the absorption of the well with medium and CCK-8 solution.

### Cell cycle analysis

A cell suspension (1 ml containing 1×10^6^ cells/ml) was obtained following transfection for 72 h by washing the cells 2 times with 1 ml PBS pre-cooled at 4°C, followed by centrifugation (150 × g for 5 min at room temperature) of the supernatant. PBS was added to the cell suspension and incubated with 70% ethanol at 4°C for pre-cooling. Following 4 h of incubation, all samples were separated by centrifugation (300 × g for 5 min at room temperature). Next, 500 µl cell cycle dye (BD Pharmingen; Becton, Dickinson and Company, Franklin Lakes, NJ, USA) was added to the cell suspension and incubated for 15--20 min at room temperature. Flow cytometry analysis (CellQuest™ Pro Software 4.0.2; BD Biosciences) was then used to detect the relative content of DNA in the cells, and the results of DNA distribution of cell proportion in the phase of cell cycle were analyzed by Modifit (Verify Software House Inc, Topsham, ME, USA) with a propidium iodide kit (PI, 20 µg/ml) containing RNase A (10 µg/ml; BD Biosciences). The percentage of DNA in each phase of cell cycle was analyzed to reflect the proliferation status of the cells and the content of DNA in non-diploid (aneuploid) cells. The DNA content of G2 and M-phase cells is typically double that exhibited by cells in the G0 and G1 phases of the cell cycle, while the DNA content of S-phase cells is intermediate between these values ([@b20-etm-0-0-7475]).

### Apoptosis

Following 24, 48 or 72 h of culture, the cells were washed twice with cold PBS and resuspended in 1X Binding Buffer (BD Pharmingen; Becton, Dickinson and Company) at a concentration of 1×10^6^ cells/ml. A total of 100 ml solution (1×10^5^ cells) was transferred to a 5-ml culture tube. Then, 5 µl fluorescein isothiocyanate (FITC)-Annexin V (BD Pharmingen; Becton, Dickinson and Company) and 5 µl propidium iodide (PI; BD Pharmingen; Becton, Dickinson and Company) were added to the cells, followed by gently mixing at room temperature and subsequent incubation for 15 min in the dark. Next, 400 ml 1X Binding Buffer was added to each test tube. Flow cytometry analysis (CellQuest™ Pro Software 4.0.2 (BD Biosciences) was performed within 1 h. Surviving cells were FITC-Annexin V and PI-negative; early apoptotic cells were FITC-Annexin V-positive and PI-negative; and late apoptotic or dead cells were FITC-Annexin V and PI-positive.

### Statistical analysis

SPSS 23.0 statistical software (IBM Corp., Armonk, NY, USA) was used for statistical analysis of the data. Data are presented as the mean ± standard deviation, and the standard deviation was used to estimate the sample distribution. Non-normally distributed data comparisons between groups were performed via one-way analysis, and Tukey\'s honestly significant difference was used as the post hoc test for multiple comparisons. Spearman\'s correlation analysis was used to evaluate the association between qualitative variables. Paired Student\'s t-test was used for pairwise comparison between groups. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Screening of mutations in the target gene RBPJ from WES sequencing results

A total of 13 patients with PNH patients were sequenced by 500-depth, of which 61.54% (8/13) exhibited PIG-A gene mutations. The mutation rate of the PIG-A gene was 61.54% (8/13) in 500-depth sequencing, which was significantly higher than that of 100-depth sequencing (30.77%; 4/13) and consistent with the literature ([@b21-etm-0-0-7475]). The mutation types mainly included frame shift, splicing, stop-gain and non-synonymous mutations.

The 500-depth sequencing results revealed additional somatic gene mutations other than those affecting PIG-A. According to the risk of mutation, it can be divided into five grades, of which 1--2 was the first mutation explored in the present study ([@b22-etm-0-0-7475]). There were 2,399 mutant genes with a mutation grade of 1 or 2, and 21 had mutation frequencies \>50% \[namely, kinesin family member 24, MAGE family member C1 (MAGEC1), fms related tyrosine kinase 3 (FLT3), mediator of DNA damage checkpoint 1, leukocyte immunoglobulin like receptor B3 (LILRB3), CUX1, zinc finger protein 717 (ZNF717), double homeobox 4 like 4, UBX domain protein 11 (UBXN11), teashirt zinc finger homeobox 1, filaggrin (FLG), trichohyalin, SUZ12, RBPJ, C-terminal binding protein 2 (CTBP2), MDS1 and EVI1 complex locus (MECOM), MUC4, MLL2, POTE ankyrin domain family member H, TET2, and NBPF member 1\]. For the mutant genes mentioned above, the following screening requirements were also set according to the mutation forms and the degree of damage of the mutation sites to the structure of the encoding protein: i) Their mutation rate in the genome of 1,000 individuals in the 1000G database is \<1%; ii) they contain splicing mutations, frame shifts or non-synonymous mutations; iii) the software predicts the harmful mutation sites in the protein structure; and iv) there are mutual mutation sites in \>6 patients. A total of 13 mutant genes met the above conditions, including FLG, RBPJ, CUX1, MLL2, ZNF717, MAGEC1, MECOM, CTBP2, SUZ12, MUC4, TET2, UBXN11 and FLT3. Furthermore, 30 patients with PNH were selected, from whom the mRNA of CD59^−^ cells was extracted, and the mRNA expression of the above 13 genes was detected by RT-qPCR ([Fig. 1B](#f1-etm-0-0-7475){ref-type="fig"}). The correlation between PNH clones and clinical markers, relative expression of mutant gene and hemolysis markers was also analyzed. Ultimately, the target genes that were highly expressed and have a significant correlation with PNH hemolysis index were selected to carry out the following experiments.

The results were as follows: The RBPJ gene was highly expressed, and the relative expression level of the RBPJ gene was significantly correlated with the clinical index of PNH ([Table IV](#tIV-etm-0-0-7475){ref-type="table"}; [Fig. 1C and D](#f1-etm-0-0-7475){ref-type="fig"}). Upon screening and analyzing the sequencing results, the highly expressed and first-class mutation gene RBPJ was evaluated in depth. In total, 69.23% (9/13) of patients had RBPJ gene mutations, including non-synonymous, splicing and frame-shift mutations. The mutation sites were as follows: c.-57-2A\>C (exon 2), c.163T\>A (exon 12), c.174C\>A (exon 12) and c.177T\>A (exon 12).

### Expression level of RBPJ mRNA is increased in 30 patients with PNH and significantly correlates with clinical data

To obtain CD59^−^/CD59^+^ neutrophils from 30 PNH patients and CD59^+^ neutrophils from 30 healthy controls, immunomagnetic beads cell sorting was performed in peripheral blood of patients with PNH and healthy controls on the same day of blood extraction. The RT-qPCR results of CD59^−^ and CD59^+^ neutrophils were as follows: The RBPJ expression levels in the CD59^−^ cell group were markedly higher than that of the CD59^+^ cell of the same patients with PNH and normal control groups (9.54±4.12 vs. 2.37±0.65 and 1.09±0.03, respectively; P1=0.0153 and P2=0.0074), and the difference between the CD59^+^ cell group and the normal group was not statistically significant (P=0.1305; data not shown).

The correlation between the proportion of PNH clones and clinical hemolysis indicators was analyzed, and the results revealed that the PNH clone proportion was negatively correlated with the levels of Hb ([Fig. 1D](#f1-etm-0-0-7475){ref-type="fig"}; r=−0.6359, P=0.0002), and positively correlated with Ret and LDH levels ([Fig. 1D](#f1-etm-0-0-7475){ref-type="fig"}; r=0.5063, P=0.0043 and r=0.4066, P=0.0258, respectively). This indicated that the clone size of PNH is directly correlated with the clinical hemolysis index.

The correlation between the expression of RBPJ mRNA and hemolysis indicators was also analyzed. The results revealed that the expression of RBPJ mRNA was negatively correlated with Hb levels (r=−0.7334, P=0.0074); positively correlated with the percentage of Ret (r=0.4223, P=0.0201); positively correlated with LDH levels (r=0.4521, P=0.0121); and positively correlated with PNH clones (r=0.4757, P=0.0091; [Fig. 1E](#f1-etm-0-0-7475){ref-type="fig"}). These results indicate that the expression level of the RBPJ gene is associated with the hemolytic index in patients with PNH.

### Proliferation of PNH clones is inhibited upon RBPJ gene knockdown by siRNA constructs in vitro

A total of 3 siRNA sequences (siRNA1, siRNA2 and siRNA3) were designed to transfect PNH primary cells in conjunction with lipo3000 to determine their potential capacity of silencing the expression of RBPJ ([Fig. 2](#f2-etm-0-0-7475){ref-type="fig"}). The mRNA expression level of RBPJ in the transfected cells was detected by RT-qPCR. The 3 siRNAs were able to significantly inhibit the expression of RBPJ. Of them, RBPJ-siRNA1 was the most effective, as it reduced the expression of RBPJ in PNH primary cells by \>75% ([Fig. 2A](#f2-etm-0-0-7475){ref-type="fig"}). Therefore, siRBPJ-1 was selected to inhibit the expression of RBPJ in PNH primary cells.

RBPJ-siRNA1 was transfected into PNH primary cells, which were then cultured in medium and harvested 24--72 h later. The levels of RBPJ were decreased in transfected PNH primary cells according to the results of RT-qPCR ([Fig. 2B](#f2-etm-0-0-7475){ref-type="fig"}). These data suggest that, upon transfection of siRNA targeting the RBPJ1 gene into PNH primary cells, the RBPJ gene was silenced, and its mRNA expression level was reduced by \>75%.

To clarify whether the growth of PNH primary cells was affected by RBPJ inhibition, CCK-8 assay was used to analyze the growth ability of PNH primary cells ([Table V](#tV-etm-0-0-7475){ref-type="table"}). Compared with the controls, RBPJ inhibition was detected 48 h following siRNA transfection, which significantly reduced cell growth ([Fig. 2C](#f2-etm-0-0-7475){ref-type="fig"}). Cell apoptosis rate was analyzed at 24--72 h after transfection ([Table V](#tV-etm-0-0-7475){ref-type="table"}), and the rate of cell apoptosis increased following siRNA-RBPJ transfection, gradually increasing with transfection time ([Fig. 2E and F](#f2-etm-0-0-7475){ref-type="fig"}). These results further suggested that inhibition of RBPJ may prevent the growth of PNH primary cells by inhibiting cell proliferation.

The cell cycle phases were analyzed 72 h following inoculation ([Table VI](#tVI-etm-0-0-7475){ref-type="table"}). The results revealed that, compared with the control and scr-transfected cells, the percentage of S-phase proliferating cells in RBPJ knockdown PNH primary cells decreased markedly, while the percentage of G0/G1-phase cells increased ([Fig. 2D](#f2-etm-0-0-7475){ref-type="fig"}). These results suggest that inhibition of RBPJ may prevent the growth of PNH primary cells by inhibiting cell proliferation.

Discussion
==========

PNH is a benign clonal disease of hematopoietic stem cells, the pathogenesis of which remains unclear. PNH clones have immune-escape characteristics ([@b23-etm-0-0-7475],[@b24-etm-0-0-7475]) and anti-apoptotic properties ([@b25-etm-0-0-7475],[@b26-etm-0-0-7475]), and second gene mutations ([@b27-etm-0-0-7475]--[@b32-etm-0-0-7475]) may be involved in the amplification of PNH clones. Next-generation sequencing (NGS) achieves genetic heterogeneity due to the combination of somatic mutations and complex clonal structure, reflecting the sequence of genetic defects, and it is currently widely used in leukemia and other malignancies ([@b33-etm-0-0-7475]--[@b36-etm-0-0-7475]). This sequencing technology has the following advantages: i) The vast majority of disease variations in all exome regions of the human genome can be detected; and ii) it can detect common and low-frequency (i.e., mutation frequency \<5%) mutations that cannot be detected by Sanger sequencing.

Previous sequencing results revealed that genetic mutations such as TET2, SUZ12, CUX1, RBPJ, MAGEC1 and MLL2 were identified as the key driving factor for the evolution of myeloid tumors or cancer clones ([@b10-etm-0-0-7475],[@b11-etm-0-0-7475],[@b37-etm-0-0-7475]--[@b40-etm-0-0-7475]). The selection and evolution of genetic clones serves a role in malignant tumors and benign hematological diseases. The mutational events identified in the present study are not unique to PNH, but significantly overlap with the spectrum of mutations observed in myeloid neoplasms and other solid tumors.

*In vitro* experiments on the highly expressed and first-class mutated RBPJ gene revealed that the expression of this gene in CD59^−^ cells was significantly higher than that in CD59^+^ cells and controls. Furthermore, its expression was negatively correlated with Hb levels, and positively correlated with the percentage of Ret, LDH levels and PNH clones. These findings suggest that the abnormal expression and mutation of the RBPJ gene may be closely correlated with PNH clones. As the key transcription factor of the Notch signaling transduction pathway, RBPJ can mediate the transcriptional activation of the 4 Notch receptors in the nucleus and serve a pivotal role in the integration of Notch signaling pathways, thus being important in the regulation of the Notch signaling pathway ([@b41-etm-0-0-7475],[@b42-etm-0-0-7475]). The Notch-RBPJ signaling pathway serves a pivotal role in the differentiation of T cells in the thymus. The elimination of RBPJ in early thymus cells can decrease the differentiation αβ T cells and increase the differentiation of γδ T cells ([@b43-etm-0-0-7475],[@b44-etm-0-0-7475]).

In the resent study, the expression of the RBPJ gene was validated in patients with PNH and controls, and this gene was confirmed to be highly expressed in PNH clones. This increased expression may be an epiphenomenon or even the consequence (rather than the cause) of PIG-A mutations. The expression of the RBPJ gene may be positively or negatively regulated by a GPI-linked protein, which may be upregulated or downregulated. Therefore, RBPJ gene silencing was conducted in PNH primary cells *in vitro*, and the changes in the apoptosis rate and proliferation index were evaluated to explore the role of the RBPJ gene in PNH.

Previous studies on the Notch-RBPJ signaling pathway in mice ([@b42-etm-0-0-7475],[@b45-etm-0-0-7475]) revealed that mutation of the Notch receptor and its downstream key transcription factor RBPJ may be teratogenic to mouse embryos or lead to early mortality due to failure of nerve tube closure. The results also revealed that the Notch/RBPJ signaling transduction pathway was involved in the growth and development of embryos. Fetal development is one of the key and pivotal factors regulating the differentiation and proliferation of neural progenitor cells. The expression of the RBPJ gene in lung and prostate cancer cells was previously silenced by Lv *et al* ([@b46-etm-0-0-7475]) and Xue *et al* ([@b47-etm-0-0-7475]), and the results suggested that the downregulation of RBPJ expression leads to a significant decrease in the growth of cancer cells, which suggests that RBPJ serves a downstream role in the Notch signaling pathway and appears to be essential for the functional activation of Notch signaling.

In the present study, siRNA technology was used to silence the RBPJ gene in PNH primary cells. Subsequently, the proportion of cells in the G0/G1 phase increased; the proportion of S-phase cells decreased; cells were arrested in G0/G1 stage; the apoptosis rate increased; and the cell proliferation ability decreased. This suggested that high expression of the RBPJ gene may be correlated with the proliferation of abnormal PNH clones.

In conclusion, besides mutations in PIG-A, the RBPJ gene is a highly expressed and first-order mutant gene screened by NGS, and its abnormal expression may contribute to the proliferation of PNH clones.
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![(A) The outermost color represents different genes, different colors represent different sequencing depth, each gene width represents the length of the corresponding gene coding region. (B) Flow chart of screening target genes. (C) Comparison of relative expression levels of 13 target mutant genes in 30 PNH patients which were screened by whole exome sequencing. (D) Correlation analysis between PNH cloning proportion and hemolysis index. (E) Correlation analysis between RBPJ mRNA expression and clinical hemolysis index. The expression of RBPJ mRNA was negatively correlated with the proportion of the level of Hb, and positively correlated with the proportion of RET, LDH levels and the proportion of PNH clones. PNH, paroxysmal nocturnal hemoglobinuria; RPBJ, recombinant signal binding protein of immunoglobulin κJ region; Hb, hemoglobinuria; RET, reticulocyte; LDH, lactate dehydrogenase; FLG, filaggrin; CUX1, cut-like homeobox 1; MLL2, mixed-lineage leukemia 2; ZNF717, zinc finger protein 717; MAGEC1, MAGE family member C1; MECOM, MDS1 and EVI1 complex locus; CTBP2, C-terminal binding protein 2; MUC4, mucin 4; TET2, tet methylcytosine dioxygenase 2; UBXN11, UBX domain protein 11; FLT3, fms related tyrosine kinase 3; MAF, minor allele frequency; PCR, polymerase chain reaction.](etm-17-06-4536-g00){#f1-etm-0-0-7475}

![(A) Evaluation of the inhibitory effects of siRNAs on RBPJ expression. Quantified RT-qPCR data for RBPJ in PNH primary cells transfected with siRNA-RBPJ. (B) Inhibition of RBPJ by siRNA-RBPJ in stable PNH primary cells. PNH primary cells were infected with RBPJ-siRNA and scr-siRNA to generate stable clones which were then cultured in media for 72 h before they were harvested. RBPJ levels were significantly reduced in PNH primary cells. (C) Cell growth was examined via cell counting kit-8 assay. Significantly reduced cell growth via RBPJ inhibition was detected as early as 48 h after seeding, compared with controls and scr-siRNA. (D) PNH primary cells were analyzed in a cell cycle phase assay at 72 h after seeding. It was demonstrated that the percentage of S-phase proliferating cells and G2-phase post-replicating cells in RBPJ-depleted PNH primary cells was significantly reduced, whereas the percentage of G0/G1-phase cells in RBPJ-depleted cells was significantly increased, compared with control cells. (E and F) Cell apoptosis rate was examined by flow cytometry. Significantly increased cell apoptosis rate by RBPJ inhibition was detected as early as 24 h after seeding, compared with controls and scr-siRNA. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001. siRNA, small interfering RNA; scr, scrambled control; PNH, paroxysmal nocturnal hemoglobinuria; RPBJ, recombinant signal binding protein of immunoglobulin κJ region; OD, optical density.](etm-17-06-4536-g01){#f2-etm-0-0-7475}

###### 

Initial clinical characteristics of 13 PNH patients.

  Clinical feature                        Measurement
  --------------------------------------- -------------------
  Clinical classification of PNH, n (%)   
    Classical PNH                         7 (53.85)
    PNH-AA                                6 (46.15)
    Subclinical-PNH                       0
  Sex, n (%)                              
    Male                                  6 (46.15)
    Female                                7 (53.85)
    Age (years), median age (range)       31 (21--73)
  Blood examination                       
    RET %                                 7.98±4.57
    RBC (\*10^12^/l)                      2.44±0.63
    WBC (\*10^9^/l)                       3.94±2.14
    HGB (g/l)                             82.08±20.24
    PLT (\*10^9^/l)                       73.46±66.66
    D-Dimer (ug/ml)                       1,672.00±1,404.00
    LDH (U/l)                             1,058.00±663.30
    TBIL (µmol/l)                         24.48±14.69
    DBIL (µmol/l)                         7.18±3.59
    Granulocyte CD59~−~ (%)               78.58±17.02
    Erythrocyte CD59~−~ (%)               52.53±30.28
    Flaer^−^/CD14^−^ (%)                  81.52±12.63
    Flaer^−^/CD24^−^ (%)                  85.52±13.29

Data are presented as the mean ± standard deviation unless otherwise stated. PNH, paroxysmal nocturnal hemoglobinuria; AA, Aplastic anemia; RET, reticulocyte ratio; RBC, red blood cell; WBC, white blood cell; HGB, hemoglobin; PLT, platelet; TBIL, total bilirubin; DBIL, direct bilirubin; LDH, lactate dehydrogenase; Flaer, fluorescent aerolysin; CD, cluster of differentiation.

###### 

Initial clinical characteristics of 30 PNH patients.

  Characteristic                   Patients          Controls          P-value
  -------------------------------- ----------------- ----------------- ---------
  Total, n                         30                30                
  Gender, male/female              19/11             19/11             
  Age (years), median (range)      38 (18--75)       42 (19--68)       
  Clinical classification, n (%)                     0                 
    Classical PNH                  23 (76.67)                          
    PNH-AA                           6 (20.00)                         
    Subclinical-PNH                1 (3.33)                            
    History of thrombosis, n (%)     4 (13.33)       0                 
  Parameters at baseline                                               
    HGB (g/l)                        78.71±20.94     127.30±9.64       \<0.001
    Ret (%)                        9.85±5.24           1.34±0.33       0.0017
    WBC (×10^9^/l)                   5.89±3.55         6.11±1.51       0.778
    PLT (×10^9^/l)                   100.40±65.77      171.80±56.06    0.003
    TBIL (µmol/l)                    31.79±15.07       10.75±6.11      0.016
    DBIL (µmol/l)                    8.34±3.54         3.77±2.17       0.045
    LDH (U/l)                      1,578.00±931.70     191.50±228.70   \<0.001
    Cr (µmol/l)                      60.19±27.47       53.35±21.67     0.531
    Granulocyte CD59^−^ (%)          80.44±17.30       1.84±1.05       \<0.001
    Erythrocyte CD59^−^ (%)          52.38±30.25       2.69±1.27       0.006
    Flaer^−^/CD14^−^ (%)             77.30±21.28     Undetected        
    Flaer^−^/CD24^−^ (%)             82.65±17.62     Undetected        

Data are presented as the mean ± standard deviation unless otherwise stated. PNH, paroxysmal nocturnal hemoglobinuria; AA, Aplastic anemia; RET, reticulocyte ratio; WBC, white blood cell; HGB, hemoglobin; PLT, platelet; TBIL, total bilirubin; DBIL, direct bilirubin; LDH, lactate dehydrogenase; Cr, creatinine; Flaer, fluorescent aerolysin; CD, cluster of differentiation.

###### 

Gene primer and siRNA sequences.

  Name          Sequence (5′-3′)                    Length (bp)
  ------------- ----------------------------------- -------------
  RBPJ          Forward, AGTCACTCCTGTGCCTGTGGTAG    158
                Reverse, CCATCTCCAACCTTCTCGGAATGC   
  siRNA-RBPJ1   Forward, GCACUCCCAAGAUU GAUAA       21
                Reverse, UUAUCAA UCUUGGGAGUGC       
  siRNA-RBPJ2   Forward, GCACUCCCAAGAUU GAUAA       21
                Reverse, UUAUCAAUCUUGGGAGUGC        
  siRNA-RBPJ3   Forward, CUGACUCAGACAAGCGAAA        21
                Reverse, UUUCGCUUGUCUGAGUCAG        
  siRNA-scr     Forward, UUGAAGUUAUGUAUCCUCCUU      21
                Reverse, CUGAAGCUGCUGGGAGUAAUU      
  GAPDH         Forward, GGAGCGAGATCCCTCCAAAAT      137
                Reverse, GGCTGTTGTCATACTTCTCATGG    

siRNA, small interfering RNA; RPBJ, recombinant signal binding protein of immunoglobulin κJ region; scr, scrambled control.

###### 

High expression of RBPJ mRNA in comparison with controls.

  Gene     CD59^−^cell group   Control group   P-value
  -------- ------------------- --------------- ---------
  FLG      2.310±1.193         2.682±1.346     0.624
  RBPJ     8.177±3.974         3.683±2.661     0.044
  CUX1     2.182±1.454         0.780±0.842     0.067
  MLL2     3.517±2.377         2.637±1.367     0.450
  ZNF717   6.083±6.377         8.137±7.183     0.629
  MAGEC1   2.470±2.276         2.803±2.788     0.825
  MECOM    3.737±2.946         2.303±1.634     0.322
  CTBP2    3.620±2.384         6.453±4.262     0.186
  SUZ12    4.087±1.655         6.453±4.117     0.022
  MUC4     2.413±1.438         6.120±4.023     0.041
  TET2     1.353±0.552         5.067±4.675     0.002
  UBXN11   3.940±3.201         4.607±2.907     0.714
  FLT3     1.067±0.471         2.353±1.990     0.006

Data are presented as the mean ± standard deviation. The relative expression of the gene is expressed by 2^−ΔΔCq^ value. RPBJ, recombinant signal binding protein of immunoglobulin κJ region; FLG, filaggrin; CUX1, cut-like homeobox 1; MLL2, mixed-lineage leukemia 2; ZNF717, zinc finger protein 717; MAGEC1, MAGE family member C1; MECOM, MDS1 and EVI1 complex locus; CTBP2, C-terminal binding protein 2; MUC4, mucin 4; TET2, tet methylcytosine dioxygenase 2; UBXN11, UBX domain protein 11; FLT3, fms related tyrosine kinase 3.

###### 

Comparison of proliferative activity and apoptosis rates of 24, 48 and 72 h before and after siRNA RBPJ transfection in paroxysmal nocturnal hemoglobinuria primary cells.

       Proliferative activity (%)   Apoptosis rate (%)                                                                                     
  ---- ---------------------------- -------------------- --------------------------------------------------------- ----------- ----------- -----------------------------------------------------------
  0    1.55±0.12                    0                    0                                                         2.58±0.21   0           0
  24   1.60±0.06                    1.64±0.06            1.48±0.14                                                 3.32±0.21   3.74±0.43   9.55±1.65^[c](#tfn8-etm-0-0-7475){ref-type="table-fn"}^
  48   3.37±0.06                    3.45±0.18            2.30±0.56^[a](#tfn6-etm-0-0-7475){ref-type="table-fn"}^   4.04±0.61   4.51±1.16   16.93±1.41^[d](#tfn9-etm-0-0-7475){ref-type="table-fn"}^
  72   1.96±0.21                    1.26±0.39            0.49±0.09^[b](#tfn7-etm-0-0-7475){ref-type="table-fn"}^   4.27±0.39   5.00±0.52   25.71±3.95^[e](#tfn10-etm-0-0-7475){ref-type="table-fn"}^

Data are presented as the mean ± standard deviation.

P=0.0303 vs. 48 h control

P=0.0004 vs. 72 h control

P=0.0029 vs. 24 h control

P=0.0001 vs. 48 h control

P=0.0007 vs. 72 h control. siRNA, small interfering RNA; RPBJ, recombinant signal binding protein of immunoglobulin κJ region; scr, scrambled control.

###### 

Comparison of paroxysmal nocturnal hemoglobinuria primary cell cycle distribution before and after transfection of siRNA RBPJ.

  Phase   Control (%)   siRNA-scr (%)   siRNA-RBPJ (%)
  ------- ------------- --------------- -----------------------------------------------------------
  G0/G1   66.95±6.42    66.67±4.89      81.66±4.04^[a](#tfn12-etm-0-0-7475){ref-type="table-fn"}^
  S       16.45±2.08    16.92±1.53      6.707±1.53^[b](#tfn13-etm-0-0-7475){ref-type="table-fn"}^
  G2      16.60±8.18    16.40±6.21      11.64±2.52^[c](#tfn14-etm-0-0-7475){ref-type="table-fn"}^

Data are presented as the mean ± standard deviation.

P=0.0285 vs. G0/G1 control

P=0.0028 vs. S control

P=0.0285 vs. G2 control. siRNA, small interfering RNA; RPBJ, recombinant signal binding protein of immunoglobulin κJ region; scr, scrambled control.
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